The mechanism that regulates sperm release at spermiation is unknown. Herein, we used an animal model wherein rats were treated with adjudin, 1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide, via oral gavage to induce premature release of elongating/elongated spermatids, followed by round spermatids and spermatocytes. Spermatid release mimicking spermiation occurred within 6 to 12 hours following adjudin treatment and, by 96 hours, virtually all tubules were devoid of elongating/elongated spermatids. Using this model, we tracked the organization of F-actin and microtubules (MTs) by immunofluorescence microscopy, and the association of actin or MT regulatory proteins that either promote or demolish cytoskeletal integrity through changes in the organization of actin microfilaments or MTs by coimmunoprecipitation. Adjudin treatment induced an increase in the association of (1) epidermal growth factor receptor pathway substrate 8 (an actin barbed-end capping and bundling protein) or formin 1 (an actin nucleator) with actin and (2) end-binding protein 1 (an MT stabilizing protein) with MT shortly after adjudin exposure (at 6 hours), in an attempt to maintain spermatid adhesion to the Sertoli cell at the apical ectoplasmic specialization (ES). However, this was followed by a considerable decline of their steady-state protein levels, replacing with an increase in association of (1) actinrelated protein 3 (a branched actin nucleator that converts actin filaments into a branched/ unbundled network) with actin and (2) MT affinity-regulating kinase 4 (an MT destabilizing protein kinase) with MTs by 12 hours after adjudin treatment. These latter changes thus promoted actin and MT disorganization, leading to apical ES disruption and the release of elongating/ elongated spermatids, mimicking spermiation. In summary, spermiation is a cytoskeletaldependent event, involving regulatory proteins that modify cytoskeletal organization. (Endocrinology 158: 4300-4316, 2017) 
D
uring spermiogenesis, haploid spermatids derived from spermatocytes through meiosis I/II undergo extensive morphological changes, from steps 1 through 19 in rat testes (vs 1 to 16 and 1 to 6 in the mouse and human testis, respectively), which are transported across the seminiferous epithelium in the adluminal (apical) compartment (1) (2) (3) (4) (5) . Thus, fully developed spermatids (i.e., spermatozoa) line up at the edge of tubule lumen to prepare for their eventual release at spermiation at stage VIII of the epithelial cycle (1, 6) . Studies have shown that step 8 to 19 spermatids in the rat testis, or 8 to 16 spermatids in the mouse, are anchored onto the Sertoli epithelium by the only type of testis-specific and actin-rich anchoring device called apical ectoplasmic specialization (ES) (5, (7) (8) (9) . At the Sertoli-spermatid (step 8 to 19) interface, the most notably feature of the apical ES is an array of actin filament bundles residing in Sertoli cell that are sandwiched in between the cisternae of the endoplasmic reticulum and the apposing Sertoli cell and spermatid plasma membranes. Furthermore, this array of actin filament bundles is supported by a microtubule (MT) network located nearby based on electron microscopy analysis (10, 11) . Thus, the actin filament bundles and the MT network at the apical ES play a crucial role to support spermatid transport and the release of sperm at spermiation (12) . On the other hand, ES is also found at the Sertoli cell-cell interface near the basement membrane known as the basal ES, coexisting with the actin-based tight junction and gap junction, which together with the intermediate filament-based desmosome constitute the blood-testis barrier (BTB) (13, 14) . The only ultrastructural difference between the apical and basal ES is that the former is composed of only a single array of actin microfilaments found in the Sertoli cell vs two arrays of actin microfilaments at the basal ES found on both sides of adjacent Sertoli cells (5, 13, 15, 16) .
In this context, it is of interest to note that although the morphological series of events pertinent to spermiation are known for over five decades (1, 6) , the role of actinand MT-based cytoskeletons and the involving molecules, in particular the regulatory proteins of actin and MT dynamics, in spermiation remain unknown. Studies have shown that treatment of adult rats with a single dose of adjudin at 50 mg/kg body weight (b.w.) by oral gavage induced extensive germ cell exfoliation, initially elongating/elongated spermatids that were readily detectable within 6.5 hours posttreatment, whereas depletion of round spermatids (i.e., step 1 to 8 spermatids) and spermatocytes were not noted until ;3 and 6 days thereafter (17, 18) . These differences regarding the timedependent release of elongating/elongated spermatids thus illustrate that adjudin-treated rats are a useful model to study the biology of sperm release at spermiation and also spermatid transport during the epithelial cycle. In fact, using this animal model, we have shown that the track-like structures across the seminiferous epithelium conferred by either F-actin or MTs are grossly disrupted following adjudin treatment, thereby failing to support the transport of spermatids and organelles (e.g., residual bodies, phagosomes) (19) . Adjudin treatment also perturbs the organization of F-actin at the ES, and this thus impedes spermatid adhesion function (19) . But because the basal ES is composed of two arrays of actin microfilament bundles, this makes the basal ES/BTB more resistant to adjudin treatment unless a considerable higher dose of adjudin was used to disrupt the BTB integrity (19, 20) . Herein, we hypothesize that changes in F-actin and MT organization across the seminiferous epithelium that support ES function, spermatid transport, and also spermiation are mediated by changes in the association of actin-and MT-based regulatory proteins with the corresponding cytoskeleton. This is the subject of this report.
Materials and Methods

Animals and antibodies
Adult male Sprague-Dawley rats at 250 to 300 g b.w. were purchased from Charles River Laboratories (Kingston, NY). The use of animals and detailed Experimental Protocols used for studies involving laboratory rats reported herein were approved by the Rockefeller University Institutional Animal Care and Use Committee with Protocol Number 15-780-H. Rats were euthanized by CO 2 asphyxiation using slow (20% to 30%/min) displacement of chamber air from compressed carbon dioxide in a euthanasia chamber approved by the Rockefeller University Laboratory Safety and Environmental Health. Antibodies were obtained commercially, unless specified, and are listed in Table 1 .
Treatment of rats with adjudin, 1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide
Adult male rats at 250 to 300 g b.w. were treated with a single dose of adjudin at 50 mg/kg b.w. by oral gavage as earlier described (21) . In brief, adjudin was prepared as a suspension in 0.05% methylcellulose (0.05 g methylcellulose in 100 mL Milli-Q water) with a final concentration of 20 mg/mL adjudin. At specified time points following drug administration, rats were euthanized by CO 2 asphyxiation. Testes were removed immediately and then either snap-frozen in liquid nitrogen (for subsequent analysis using frozen cross-sections of testes) or fixed in modified Davidson's fixative (30% of a 37% solution of formaldehyde, 15% ethanol, 5% glacial acetic acid, and 50% double-distilled H 2 O) (22) (for histological analysis, and also for immunofluorescence (IF) analysis of a-tubulin, end-binding protein 1 (EB1), and microtubule affinity-regulating kinase (MARK) 4. Testes fixed in modified Davidson's fixative were embedded in paraffin. Each time point had n = 5 rats, including controls. All samples within a treatment vs control groups of an experiment were processed simultaneously for hematoxylin and eosin (H&E) staining, IF microscopy, or coimmunoprecipitation (Co-IP) to avoid interexperimental variations. Each experiment was repeated at least five times with n = 5 rats, which yielded similar results excluding pilot experiments to establish optimal experimental conditions. For all experiments, one of the two testes from n = 5 rats were fixed, embedded in paraffin, and used for histological analysis/IF analysis of a-tubulin, EB1, and MARK4; and the other testes (also with n = 5 rats) were snapfrozen in liquid nitrogen and subsequently used for IF and/or duallabeled IF of F-actin, epidermal growth factor receptor pathway substrate 8 (Eps8), formin 1, and actin-related protein 3 (Arp3). In short, a-tubulin, EB1, and MARK4 were examined in the same testes from n = 5 rats, whereas F-actin, Eps8, formin 1, and Arp3 were also examined in the same testes from the n = 5 rats.
H&E staining
Cross-sections of testes embedded in paraffin at 4 mm (thickness) were obtained using a Microm (Model HM335E, Walldorf, Germany) microtome and mounted on microscopic slides and stained with H&E for histological analysis. In brief, paraffin wax sections were dissolved in xylene, and sections were rehydrated by incubating sections through xylene and decreasing strengths of ethanol (100% to 0%), and then Milli-Q water. After rehydration, sections were stained with Mayer's hematoxylin, washed with tap water, and then stained with eosin (Richard-Allan Scientific, San Diego, CA). Thereafter, sections were mounted in Aqua-Poly-Mount (Polysciences, Warrington, PA) for microscopic examination. Images were acquired using an Olympus BX61 with a built-in Olympus DP-71 digital camera at 12.5 megapixels using the Olympus MicroSuite Five software package (version 1224; Olympus Corp, Shinjuku, Japan).
Dual-labeled IF and immunohistochemistry
Dual-labeled IF was performed as described (23) using frozen cross-sections of testes at 7 mm (thickness) obtained in a Microm (Model HM500M) cryostat at -22°C. Sections were fixed in either 4% paraformaldehyde in phosphate-buffered saline (PBS) or ice-cold methanol, permeabilized in 0.1% Triton X-100 in PBS (10 mM sodium phosphate, 0.15M NaCl, pH 7.4, at 22°C), and subsequently blocked in 1% bovine serum albumin in PBS (weight-to-volume ratio). Sections were then incubated with corresponding specific primary antibodies (Table 1) at appropriate dilution to be followed by Alexa Fluor-conjugated secondary antibodies (Alexa Fluor 555 for red fluorescence, Alexa Fluor 488 for green fluorescence; Invitrogen). For F-actin staining, sections and cells were incubated with fluorescein isothiocyanate-conjugated phalloidin (green fluorescence; Invitrogen). To visualize cell nuclei, sections or cells were incubated with 4 0 ,6-diamidino-2-phenylindole (DAPI) (50 mg/mL PBS) and then mounted in ProLong Gold Antifade mounting medium (catalog no. P36930, Thermo Fisher Scientific). Immunohistochemistry was performed using Bouin's-fixed, paraffin-embedded sections as described (24) . In brief, sections were deparaffinized, rehydrated, and subjected to antigen retrieval in 10 mM citrate buffer (pH 6.0) for 7 minutes in a microwave. Sections were then blocked in 10% normal serum [in PBS, volume-to-volume ratio (v/v)] of the same species of the primary antibody and then incubated overnight with the primary antibody ( Table 1) at 4°C. Thereafter, sections were incubated with the corresponding biotinylated immunoglobulin G (IgG; secondary antibody) to be followed by an incubation with streptavidin-horseradish peroxidase (Invitrogen). Color development was performed using an aminoethyl carbazole substrate kit (Invitrogen). Microscopic slides were mounted with Aqua-Poly/Mount (Polysciences) for microscopy. Fluorescence images were captured using a Nikon Eclipse 90i Fluorescence Microscope system using Nikon NIS Elements 3.2 Imaging Software package (Nikon Instruments Inc.). Immunohistochemical images were acquired using an Olympus BX61 microscope. Images were analyzed using Adobe Photoshop for image overlay. To assess changes in F-actin organization at the basal ES/BTB, the distribution of F-actin at a specific site (e.g., basal ES/BTB) was quantified by measuring its distribution (annotated by white bracket) in control testes vs testes after adjudin treatment (annotated by yellow bracket) at the opposite ends of the crosssection of a tubule. At least 50 tubules were randomly selected from a rat testis for quantification, and a total of n = 5 rat testes from different rats were examined in which the F-actin distribution found in control/normal testes was arbitrarily set at 1 against which adjudin-treated testes were compared.
Protein lysate preparation and immunoblotting
Testis lysates were obtained by suspending testis sections in immunoprecipitation lysis buffer [10 mM tris(hydroxymethyl) aminomethane (pH 7.4 at 22°C) containing 0.15 M NaCl, 2 mM EGTA, 1% Nonidet P-40 (v/v), and 10% glycerol (v/v)] supplemented with protease and phosphatase inhibitors freshly added to the lysis buffer, including 1 mM 4-(2-aminoethyl) benzene sulfonyl fluoride hydrochloride, 1 mM sodium orthovanadate, 0.05 mM bestatin, 0.05 mM sodium EDTA, 15 mM E64, 1 mM pepstatin, 4 mM sodium tartrate dehydrate, 5 mM NaF, and 3 mM b-glycerophosphate disodium salt by sonication as earlier described (23) . Immunoblot analysis was performed and images were acquired using a Fujifilm LAS-4000 Mini-Luminiscent Image Analyzer and in-house enhanced chemiluminescence kits as described (25) .
Co-IP
To assess the changes in protein-protein interaction between actin and its binding/regulatory proteins (e.g., Arp3, formin 1, Eps8) as well as between MT and its binding/regulatory (e.g., EB1, MARK4) in testes following treatment of rats with adjudin, testes obtained from rats (n = 3 to 4 rats) at 0, 6, 12, 24, and 96 hours were used for Co-IP as earlier described (26) . In short, testis lysates (1 mg protein for each time point) were incubated with either anti-actin or anti-a-tubulin to serve as the immunoprecipitating antibody for Co-IP, and the immunocomplexes obtained by Protein A/G Plus (Santa Cruz Biotechnology) were then used for immunoblot analysis to assess changes in association with the corresponding interacting proteins at specified time points after adjudin treatment using corresponding antibodies (Table 1) . To eliminate interexperimental variations, all samples within a given experiment (i.e., adjudin-treated samples obtained at different time points vs control testes) were processed simultaneously. These included samples that examined the interactions of actin with the three F-actin regulatory proteins (i.e., Eps8, formin 1, and Arp3) by Co-IP vs their lysates (to quantify their corresponding steady-state protein level without Co-IP). The same approach was used to examine MT-regulatory proteins (i.e., EB1 and MARK4) and their interactions with MTs vs their lysates. In short, for each marker protein (e.g., EB1, Eps8), it was derived from a new gel/blot, but all markers that monitored their interaction with either actin or MT were processed in a single experimental session. These blots were then stripped and reprobed with anti-b-actin or a-tubulin antibody to serve as protein loading control. This experiment was repeated at least three times using n = 3 rats, which yielded similar results.
Statistical analysis
Statistical analysis was performed with GraphPad Prism 6 software (GraphPad Software) using either a Student t test (for two-group comparisons), one-way analysis of variance (ANOVA) (for multigroup comparisons), or two-way ANOVA with Bonferroni post hoc tests. All experiments had n = 3 to 5 rats or samples for analysis.
Results
Adjudin impedes spermatogenesis by disrupting apical ES, leading to the release of elongating/ elongated spermatids by mimicking spermiation
Following treatment of adult rats with adjudin (50 mg/kg b.w., oral gavage), defects in spermatogenesis were noted in the seminiferous epithelium within 6 hours ( Fig. 1 ). For instance, premature release of elongated spermatids as detected in stages VI and VII and early-stage VIII tubules; however, many of these tubules appeared as stage VIII tubules as noted herein due to sperm release, yet some elongated spermatids remained trapped inside the epithelium (Fig. 1) . Also, phagosomes were seen in stage XIII tubules near the tubule lumen when they should be detected near the base of the tubule (red arrowheads in Fig. 1 ). By 12 hours, premature release of elongating spermatids was detected even in stage I to III tubules; and postmeiotic spermatocytes, spermatocytes, and even phagosomes were also found in the tubule lumen; yet some elongating spermatids remained trapped deep inside the seminiferous epithelium (Fig. 1) . This entrapment of elongated spermatids inside the epithelium and the failure of proper transport of phagosomes across the epithelium were persistent even by 24 and 96 hours following treatment of adjudin when virtually all elongating/elongated spermatids had undergone premature spermiation (Fig. 1) . Herein we sought to examine the molecular mechanism(s) underlying these adjudin-mediated defects in spermiation and spermatid transport and/or detention.
Adjudin rapidly induces defects in apical ES by perturbing Sertoli cell F-actin organization
In stage VIII tubules, F-actin was prominently expressed at the apical ES, mostly at the concave (ventral) side of spermatid heads, appearing as bulb-like ultrastructures (Fig. 2) , which eventually would diminish considerably to facilitate the release of sperm at spermiation. In control testes, some track-like structures conferred by F-actin were also noted (see white arrowheads), and F-actin was also detected at the basal ES that constitute the BTB (annotated by yellow arrowheads) with tight junction and gap junction near the basement membrane of the tunica propria (the base of the tunica propria was annotated by a dashed white line) (Fig. 2) . Adjudin treatment, by 6 hours and through 96 hours, induced considerable and extensive disruption on F-actin organization, such that in similarly staged tubules, F-actin no longer appeared as the bulb-like ultrastructures seen in control testes, but mislocalized by diffusing away from the spermatid head (Fig. 2) . These changes thus failed to support spermatid adhesion, leading to their loss from the seminiferous epithelium, mimicking spermiation because adhesion protein complexes (e.g., nectin/afadin, laminin/integrin) at the apical ES all used F-actin for their attachment. However, at up to 96 hours, changes in the basal ES organization were not considerably disrupted (Fig. 2) , possibly due to the presence of two arrays of actin microfilament bundles at the basal ES vs a single array at the apical ES (5, 15) , making the basal ES/BTB more resistant to adjudin treatment. This concept is also consistent with a report indicating that it took almost 2 weeks for the BTB to become "leaky," but reversible, following adjudin treatment at a similar dose unless an acute dose of adjudin was used (20) . However, the distribution of F-actin Figure 1 . Adjudin treatment in adult rats rapidly induces defects in spermatogenesis prior to the occurrence of germ cell release from the seminiferous epithelium that mimics spermiation. Adult rats treated with a single dose of adjudin at 50 mg/kg b.w. by oral gavage at time 0 (controls; n = 5 rats). Thereafter, rats (n = 5) were terminated at specified time points at 6, 12, 24, and 96 hours vs 0 hours (control) for histological analysis using paraffin cross-sections of testes and H&E staining. By 6 and 12 hours, defects in spermatogenesis were noted in the testis. For instance, many elongated spermatids were trapped deep inside the epithelium (annotated by green arrowheads) when "unwanted spermiation" had taken place in nonstage VIII tubules but also stage VIII tubules; and phagosomes were found in a XIII tubule, which appeared to be derived from multinucleated round spermatids (annotated by red arrowheads; see also enlarged image in inset at 6 hours). In an apparently stage I to III tubule, a meiotic spermatocyte (annotated by a yellow arrowhead), phagosomes (annotated by red arrowheads), and a pachytene spermatocyte (annotated by a blue arrowhead) were detected in the tubule lumen when steps 15 and 16 spermatids (see green square box and the corresponding inset) were also depleting to the tubule lumen. By 24 hours, few elongating/elongated spermatids were found in the epithelium across the testis sections except those that were trapped deep inside the epithelium (annotated by green arrowheads and the corresponding boxed areas shown in insets), and both round spermatids, spermatocytes, and even some phagosomes were also emptied into the at the basal ES was somewhat affected because F-actin no longer tightly localized at the basal ES/BTB as noted by the white bracket in control testes, but diffused away after adjudin treatment (see yellow brackets) (see also Supplemental Fig. 1 ). (27) ; (2) actin nucleation proteins such as formin, an actin nucleator capable of generating a long stretch of actin microfilaments to support ES function (28) when assembled into bundles at the ES; and (3) branched actin polymerization proteins such as Arp3 in the Arp2/3 complex, a barbed-end nucleation protein complex capable of converting a linear actin filament to a branched configuration in the testis (29) . The concerted effects of these proteins thus confer plasticity to the F-actin network by converting actin filaments from a bundled to an unbundled/branched network, and vice versa. Following adjudin treatment, by 6 to 12 hours, Eps8 ( Fig. 3 ; Supplemental Fig. 2 ), formin 1 ( Fig. 4; Supplemental Fig. 3 ), and Arp3 ( Fig. 5; Supplemental Fig. 4 ) no longer restrictively expressed at the concave side of spermatid heads such as in stage VII tubules as bulb-like ultrastructures, colocalizing with F-actin in control testes (Figs. 3, 4 and 5; Supplemental Figs. 2-4) . Instead, these regulatory proteins were diffusely localized at the apical ES and/or considerably diminished (Figs. 3-5 ; Supplemental Figs. 2-4) , thereby failing to support the F-actin network to confer adhesion to the adhesion protein complexes at the apical ES. These changes thus led to spermatid release from the seminiferous epithelium, mimicking spermiation.
Adjudin-induced
Adjudin induces defects in spermiation mediated by MT disruption through changes in the spatiotemporal expression of EB1 and MARK4
Besides perturbing F-actin organization across the seminiferous epithelium, adjudin was also found to induce gross disruption of MT-based cytoskeleton (Fig. 6 ). For instance, the conspicuous track-like structures conferred by MTs, as visualized by a-tubulin staining (a building block of MTs), that laid perpendicular to the basement membrane were either truncated or laid parallel to the basement membrane, thereby failing to support the transport of spermatids and organelles (e.g., phagosomes) across the epithelium (Fig. 6) , leading to the entrapment of elongated spermatids deep inside the epithelium following adjudin treatment as noted in Fig. 1 . Interestingly, these disruptive changes in the organization of MT-based cytoskeleton appeared to be mediated by changes in the spatiotemporal expression of EB1, a +TIP (an MT plus-end tracking protein) protein known to confer MT stability (30, 31) (Fig. 6) . Also, the localization of MARK4, a Ser/Thr protein kinase known to induce phosphorylation of MTassociated proteins (MAPs) such as MAP1a, which in turn dissociated from MTs that destabilized MTs, leading to MT disruption (also known as catastrophe) (32, 33) , in the seminiferous epithelium was also grossly perturbed (Fig. 7) . For instance, EB1 no longer expressed prominently across the epithelium as track-like ultrastructures that laid perpendicular to the basement membrane as found in control testes (Fig. 6 ). EB1 in adjudin-treated testes also failed to colocalize with MTs but grossly disrupted, including truncation, similar to MTs (Fig. 6) . The phenotypes of MARK4 in adjudin-treated testes were also similar to EB1, unlike control testes when MARK4 colocalized with MTs and aligned as track-like ultrastructures that laid perpendicular to the basement membrane; instead, the track-like structures conferred by MARK3 were truncated and grossly disorganized when compared with control testes (Fig. 7) .
Adjudin perturbs protein-protein association between actin regulatory proteins and actin vs MT regulatory proteins and MTs
Data shown previously illustrate that the adjudininduced premature (or unwanted) spermiation was mediated by changes in the spatiotemporal expression of Eps8 ( Fig. 3; Supplemental Fig. 2 ), formin 1 ( Fig. 4;  Supplemental Fig. 3 ), and Arp3 ( Fig. 5 ; Supplemental  Fig. 4 ) that regulate F-actin dynamics vs EB1 (Fig. 6 ) and MARK4 (Fig. 7) that regulate MT dynamics. This thus perturbed the corresponding actin-and MT-based cytoskeletal organization and function. To further expand these observations, Co-IP was performed to assess changes in protein-protein interactions between these regulatory proteins and their corresponding cytoskeletal elements. It Figure 1 . (Continued). tubule lumen (see inset). At 96 hours (i.e., day 4), obvious defects in spermatogenesis were detected in the testis. For instance, virtually all elongated/elongated spermatids from 98% of tubules examined were not found in the seminiferous epithelium but depleted from the testis, yet some elongated spermatids remain trapped deep inside the epithelium, and this extensive germ cell loss also led to a reduction in tubule diameters. Scale bars = 180 mm in left panel at 0 hours, 70 mm in the blue boxed rectangle, and 30 mm in green boxed square, which apply to corresponding images in the same column or row. doi: 10.1210/en.2017-00660 https://academic.oup.com/endo Figure 2 . Adjudin treatment induces defects in F-actin organization prior to germ cell release from the seminiferous epithelium that mimics spermiation. Adult rats (;300 g b.w.) were treated with a single dose of adjudin at 50 mg/kg b.w. by oral gavage at 0 (controls; n = 5 rats). Thereafter, rats (n = 5) were terminated at specified time points at 6, 12, 24, and 96 h (i.e., day 4) for IF microscopy to visualize the organization of F-actin network across the seminiferous epithelium using FITC-conjugated phalloidin (green fluorescence; Invitrogen). Cell nuclei were visualized by DAPI (Invitrogen). A section of the images (boxed in red) on the second column was magnified and shown on the third and fourth columns; and a section of the images (boxed in yellow) on the fourth column was also magnified and shown on the fifth and sixth columns. The relative location of the base of the tunica propria was annotated by a dashed white line in the third column, and the relative location of the BTB was annotated by yellow arrowheads. The track-like structures (annotated by white arrowheads) conferred by F-actin were also shown in control testes. After adjudin treatment, F-actin that supported the BTB was no longer tightly aligned at the BTB (see white bracket in control testes on the third column), but diffusely localized in particular by 12 to 96 hours (see yellow brackets). These changes in F-actin distribution were semiquantified and shown in Supplemental Fig. 1 . Also, the track-like structures conferred by F-actin were virtually nondetectable by 12 hours following adjudin treatment. Moreover, F-actin that appeared as bulb-like structures located at the concave side of spermatid heads was extensively mislocalized by 6 hours after adjudin treatment, moving to the concave side of spermatid heads and considerably diminished by 24 and 96 hours. This time-dependent F-actin disorganization at the apical ES induced by adjudin thus led to germ cell release from the epithelium, mimicking spermiation. Scale bars = 180, 70, and 30 mm in the micrograph in the first, third, and fifth column, which apply to corresponding images. Adjudin treatment induces considerable changes in the spatiotemporal expression of Eps8 and its colocalization with F-actin at the ES prior to germ cell release from the seminiferous epithelium that mimics spermiation. Adult rats (;300 g b.w.) were treated with a single dose of adjudin at 50 mg/kg b.w. by oral gavage at time 0 (controls; n = 3 rats). Thereafter, rats (n = 5) were terminated at specified time points for IF microscopy to visualize changes in the spatial expression of Eps8 (red fluorescence) and its colocalization with F-actin (green fluorescence) using frozen sections of testes. Cell nuclei were visualized by DAPI. Eps8 is an actin barbed-end capping and bundling protein capable of assembling actin microfilaments to form bundles to support ES function at the Sertoli-spermatid interface (apical ES) and at the Sertoli cell-cell interface (basal ES/BTB). Eps8 (similar to F-actin) appeared as bulb-like ultrastructures at the apical ES, colocalizing with F-actin at the concave (ventral) side of spermatid heads. Following adjudin treatment, a considerable decline in Eps8 expression at the apical ES was detected vs control testes. This thus failed to support actin filament bundles at the apical ES. This decline in robust Eps8 expression was worsened by 12 hours and by 24 and 96 hours (4 days); virtually no Eps8 expression was detected (see also Supplemental Fig. S2 ). This trend of time-dependent reduction in Eps8 expression was also found at the basal ES/BTB (see Supplemental Fig. 2 ), thereby causing F-actin to fail to localize properly at the basal ES/BTB. Such decline in Eps8 expression thus contributed to the loss of spermatid adhesion, causing spermatid release from the epithelium, mimicking spermiation. Scale bars = 80 and 30 mm in the first micrograph and the corresponding enlarged images shown in insets. was of interest to note that there was a considerable and statistically significant increase in Eps8 and formin 1 association with actin at 6 hours, seemingly suggesting that this was a physiological response of the testis to protect premature release of germ cells that mimicked spermiation following adjudin treatment (Fig. 8) . However, Figure 4 . Adjudin treatment induces considerable changes in the spatiotemporal expression of formin 1 and its colocalization with F-actin at the ES prior to germ cell release from the seminiferous epithelium that mimics spermiation. Adult rats (;300 g b.w.) were treated with a single dose of adjudin at 50 mg/kg b.w. by oral gavage at time 0 (controls; n = 5 rats). Thereafter, rats (n = 5) were terminated at specified time points for IF microscopy to visualize changes in the spatiotemporal expression of formin 1 (red fluorescence) and its colocalization with F-actin (green fluorescence) using frozen sections of testes. Cell nuclei were visualized by DAPI. Because formin 1 is an actin nucleation protein capable of polymerizing long stretches of actin microfilaments in Sertoli cells to support F-actin organization, its considerable decline in expression at the apical ES thus induced disorganization of F-actin at the site to support spermatid adhesion (see also Supplemental Fig.3 ). These changes were noted as soon as 6 and 12 hours after adjudin treatment when formin 1 no longer robustly expressed at the concave side of spermatid heads. Its expression was virtually undetectable by 24 and 96 hours (4 days). Scale bars = 80 and 30 mm in the first micrograph and the corresponding enlarged images shown in insets. Figure 5 . Adjudin treatment induces considerable changes in the spatiotemporal expression of Arp3 and its colocalization with F-actin at the ES prior to germ cell release from the seminiferous epithelium that mimics spermiation. Adult rats (;300 g b.w.) were treated with a single dose of adjudin at 50 mg/kg b.w. by oral gavage at time 0 (controls; n = 3 rats). Thereafter, rats (n = 5) were terminated at specified time points for IF microscopy to visualize changes in the spatiotemporal expression of Arp3 (red fluorescence) and its colocalization with F-actin (green fluorescence) using frozen sections of testes. Cell nuclei were visualized by DAPI. Micrographs were enlarged in corresponding insets as indicated by the green, red, or yellow boxed areas. Relative location of the basement membrane was annotated by the dashed white line. F-actin organization was considerably disrupted within 6 hours after adjudin treatment, which continued to worsen. It appeared that F-actin disruption was mediated by considerable changes in spatial expression of Arp3, the barbed-end actin nucleation protein that effectively induced branched actin polymerization, causing the linear and bundled actin microfilaments at the ES to become disassembled and branched, destabilizing the ES. In control testes, Arp3 appeared as bulb-like structures at the concave (ventral) side of spermatid heads, which work together with Eps8 (see Fig. 3 ) to support endocytic vesicle-based protein trafficking for endocytosis and recycling in stage VII tubules. By 6 hours following adjudin treatment, however, Arp3 no longer appeared as bulb-like structures at the apical ES but considerably diminished (see also Supplemental Fig. 4) ; and by 24 and 96 hours (4 days), most of the elongated spermatids were not even supported by F-actin and Arp3, destabilizing spermatid adhesion that led to their eventual release from the epithelium that mimicked spermiation. Scale bars = 80 and 30 mm in the first micrograph and the corresponding enlarged images shown in insets.
this transient increase in actin bundling (and barbed-end capping) and linear actin filament nucleation activities failed to reverse the adjudin-induced actin disorganization due to an increase in Arp3-actin association by 12 hours [ Fig. 8(a) ; Supplemental Fig. 5 ], causing actin filament bundles to be converted to an unbundled/branched Figure 6 . Adjudin treatment perturbs the organization of MTs through changes in the spatial expression of EB1. Adult rats (;300 g b.w.) were treated with a single dose of adjudin at 50 mg/kg b.w. by oral gavage at time 0 (controls; n = 5 rats). Thereafter, rats (n = 5) were terminated at specified time points for IF microscopy to visualize changes in the organization of MTs by staining a-tubulin (green fluorescence; the building blocks of MTs). This disruptive organization of MTs following adjudin treatment appeared to be mediated by changes in the spatial expression of EB1 (red fluorescence), a +TIP protein known to stabilize MTs in Sertoli cells. It was noted that the track-like structures conferred by MTs, known to support the transport of spermatids and other organelles (e.g., residual bodies, phagosomes, endocytic vesicles) and to support actin microfilaments at the ES, across the seminiferous epithelium that laid perpendicular to the basement membrane as found in control testes were considerably disrupted. For instance, within 6 hours after adjudin treatment, these MT-based tracks and the colocalized EB1 were truncated, no longer stretched across the entire epithelium; and by 12 hours, virtually no identifiable track-like structures were found but were considerably truncated. For the residual MTs and the colocalized EB1 that were detected, some were laid in parallel, instead of perpendicular, to the basement membrane. Cell nuclei were visualized by DAPI. Scale bars = 180 and 80 mm in the first micrograph and the corresponding enlarged images shown in insets. were treated with a single dose of adjudin at 50 mg/kg b.w. by oral gavage at time 0 (controls; n = 5 rats). Thereafter, rats (n = 5) were terminated at specified time points for IF microscopy to visualize changes in the organization of MTs by staining a-tubulin (green fluorescence) vs MARK4 (red fluorescence). This disruptive organization of MTs following adjudin treatment appeared to be mediated by changes in the spatial expression of MARK4, a Ser/Thr protein kinase known to induce MT catastrophe by phosphorylating MAPs, causing their detachment from MTs, thereby rendering MTs to become less stable in Sertoli cells. The MT-conferred track-like structures necessary to support actin microfilaments at the ES as found in control testes were considerably disrupted following adjudin treatment. For instance, within 6 hours after adjudin treatment, these MT-based tracks that laid across the epithelium and aligned perpendicular to the basement membrane had became less prominent and the colocalized MARK4 were less concentrated to the MT-based tracks but diffusely localized, no longer stretched across the entire epithelium. By 12 hours, most of the tracts were truncated, and by 24 hours, there were virtually no identifiable track-like structures. For the residual MTs and the colocalized MARK4 that were detected, some were laid in parallel, instead of perpendicular, to the basement membrane. Cell nuclei were visualized by DAPI. Scale bar = 80 mm, which applies to all other images. (an actin barbed-end capping and bundling protein causing actin filaments to assume a bundled configuration as those found at the ES), formin 1 (an actin nucleation protein capable of generating long stretches of actin microfilaments), and Arp3 (a branched actin polymerization protein causing linear actin filaments to become a branched network) were used for this study. Also shown is immunoprecipitated b-actin, which served as the positive control. Uncropped gel images shown herein can be found in Supplemental Fig. 5 . (b) MT regulatory proteins: EB1 (a +TIP protein known to stabilize MTs) and MARK4 (a Ser/Thr protein kinase known to induce MT catastrophe) were also used for this study. Also shown is the immunoprecipitated a-tubulin, which was confirmed by using an anti-b-tubulin antibody for immunoblotting (IB) (see Table 1 ), which served as the positive control. Changes in protein-protein interaction of these selected regulatory proteins with the corresponding b-actin and a-tubulin, the building blocks of actin-and MT-based cytoskeletons, were assessed by Co-IP. In short, anti-actin IgG or anti-a-tubulin IgG, serving as the immunoprecipitating antibody, was incubated with testis lysates obtained from rats treated with adjudin for 6, 12, 24, and 96 hours vs 0 hours (control). Thereafter, immunocomplexes were pulled out by Protein A/G Plus-agarose beads, the interacting proteins with either actin or a-tubulin were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the interacting proteins (and their changes following adjudin configuration through the action of Arp3, promoting apical ES disruption that led to premature spermatid release from the testis. Similarly, it was noted that there was an increase in EB1-a-tubulin interaction, attempting by the testis to promote MT stability, but this effort also failed to rescue premature spermatid release because a considerable and statistically significant increase in MARK4-a-tubulin interaction, causing MT catastrophe, leading to spermatid exfoliation [ Fig. 8(b) ; Supplemental Fig. 6 ].
Discussion
In rats, mice, and humans, the epithelial cycle of spermatogenesis is composed of 14, 12, and 6 stages, respectively (3, 15, 34, 35) . The release of sperm at spermiation in rodents and humans takes place in the seminiferous epithelium in the adluminal compartment near the tubule lumen at late stage VIII and late stage II of the epithelial cycle, respectively (2-4, 35, 36) . Thus, fully developed spermatids (i.e., spermatozoa) can enter the epididymis for their maturation. Although this morphological series of events leading up to sperm release at spermiation have been known for over six decades (2) (3) (4) (35) (36) (37) , the underlying molecular mechanism(s) that regulate spermiation remain to be elucidated. Studies in the last two decades have shed new information regarding the biology of spermiation as recently reviewed (1, 6, 10, 38, 39) . Emerging evidence has shown that the event of spermiation is regulated by several classes of proteins. First, protein kinases such as p-FAK-Tyr397, p-FAK-Tyr407, and c-Yes (40) (41) (42) (43) (44) (45) are putatively regulatory of ES function in the testis, in particular at the apical ES that confers elongating/elongated spermatid adhesion. It is likely that these protein kinases exert their regulatory effects by phosphorylating adhesion protein complexes specific to the apical ES [e.g., a6b1-integrin/ laminin-a3/b3/g3 complex (40, (46) (47) (48) (49) (50) , nectin-afadin (51-53)], thereby altering the adhesive properties of these adhesion protein complexes that lead to spermatid release from the apical ES site. Second, the involvement of actin-and MT-based cytoskeletons plus the corresponding binding and regulatory proteins, including the downstream nonreceptor protein kinases in mediating changes in cytoskeletal function to support spermiation. Studies have shown that the apical ES is the only anchoring device once it appears at the interface between Sertoli cells and step 8 spermatids in rodents, replacing gap junction and desmosome. In short, the apical ES serves as the only anchoring device until the release of sperm at spermiation (9, 11, (54) (55) (56) (57) . Furthermore, studies have shown that this is also one of the strongest anchoring junctions in mammalian tissues and cells, considerably stronger than desmosome (7, 58) . In this context, it is of interest to note that desmosome maintains the barrier in skin and thought to be an exceptionally strong adhesive junction (59, 60) . This unusual adhesive strength of the ES is likely contributed by the array of actin filament bundles that sandwich between the apposing Sertolispermatid plasma membrane and the cisternae of the endoplasmic reticulum (5, 8) . Additionally, a network of MTs is also located adjacent to the actin filament bundles at the apical ES (5, 10, 61), providing further structural and functional support to apical ES integrity and dynamics. Nonetheless, how these cytoskeletons regulate the release of sperm at spermiation remains unknown. Studies have shown that small G proteins (also known as guanine nucleotide-binding proteins), such as Rac, Rho, Rab, and Cdc42 that are GTPases found in the testis and expressed by Sertoli and/or germ cells, are also involved in the regulation of actin cytoskeletal function of multiple mammalian cells besides Sertoli cells (62) (63) (64) (65) (66) (67) (68) . For instance, inactivation of Sertoli cell Rho family proteins leads to a disruption of the actin cytoskeleton (63) . Also, a recent report has shown that triptolide, a medicinal plant Triterygium wilfordii, is a diterpene triepoxide capable of perturbing Sertoli cell actin organization at the ES by inhibiting Rho GTPases, including RhoA, RhoB, Cdc42, and Rac1 (69) . Collectively, these findings illustrate the substantial involvement of G proteins in cytoskeletal organization in the testis and also in spermiation should be carefully evaluated in future studies. A recent report has demonstrated that spermatid adhesion and spermatid transport are supported by the concerted efforts of the actin-and MT-based cytoskeletons (19) . For instance, MTs and F-actin-conferred tracks are working together to support the transport of spermatids and organelles (e.g., residual bodies, phagosomes) across the seminiferous epithelium. The disruption of these cytoskeletons in Sertoli cells across the seminiferous epithelium following adjudin treatment was found to perturb spermatid transport, leading to the entrapment of spermatids in the epithelium, and failed to be released into the tubule lumen (19) . Also, F-actin that supported apical ES function was grossly disrupted, failing to support spermatid adhesion, leading to its premature release from the epithelium by mimicking spermiation (19) . However, the molecular mechanism(s) Figure 8 . (Continued). treatment) with either actin or MT were visualized by immunoblottings using corresponding specific antibodies (Table 1) . Uncropped gel images shown herein can be found in Supplemental Fig. 6 . The steady state of the regulatory proteins (i.e., Eps8, formin 1, Arp3, EB1, and MARK4) in testis lysates following adjudin treatment (without Co-IP) was also assessed and annotated as "Lysate." Representative immunoblot data were shown in the upper panel in either (a) or (b), and the histograms below summarize results of these findings with n = 3 independent experiments using testes from different rats. *P , 0.05 by ANOVA. underlying these changes remains unknown. Herein, we have used an in vivo model by treating adult rats with adjudin that mimics the release of sperm at spermiation. Premature release of elongated spermatids from the epithelium was found to precede with a surge in association between Eps8 [an actin barbed-end capping and bundling protein (70, 71) that supports actin filament bundles at the ES (27) ] and actin. Additionally, a surge in association between formin 1 [an actin nucleator that polymerizes actin monomers into linear microfilaments (72, 73) to support ES function in the testis (28) ] and actin was also noted. This increase in association between Eps8 and actin as well as formin 1 and actin was detected by 6 hours after adjudin treatment. Apparently, this is a physiological response of the testis to maintain apical ES function, in an attempt to prevent elongated spermatids from leaving the epithelium prematurely induced by adjudin. Thus, the testis might be trying to generate additional actin microfilaments (through the action of formin 1) so that they can be assembled into bundles (via Eps8) to support apical ES integrity to counteract the disruptive effects of adjudin. Regardless of these efforts, the subsequent dissociation of Eps8 and formin 1 from actin is accompanied by a surge in association between Arp3 [a branched actin nucleation protein (74, 75) that effectively converts linear actin microfilaments into a branched network to destabilize apical ES (29) ] and actin by 12 hours. This thus leads to F-actin disorganization to facilitate spermatid release. These changes take place alongside an increase in association between EB1 (an MT stabilizing protein that promotes MT integrity) and a-tubulin by 6 to 12 hours, which is followed by a considerable decline in the EB1 and a-tubulin association. Thereafter, a surge in association between MARK4 [it induces MT catastrophe (33, 76) and a known MT regulator in the testis (24) ] and a-tubulin is detected by 12 to 24 hours, leading to MT disruption to facilitate spermatid release from the epithelium. In short, these findings illustrate a simple mechanism is in place in the testis to confer the timely transfer of both actin-and MT-based cytoskeletons from a bundled (or intact) to an unbundled (or disrupted) configuration to support the release of sperm at spermiation via changes in association between the corresponding regulatory proteins that promote actin/MT integrity vs promote actin/ MT disorganization.
In summary, the testis is utilizing a simple and seamless mechanism involving two sets of actin and MT regulatory proteins that either promote the assembly of actin filaments or MTs into a bundled/intact configuration compared with a branched/unbundled/disorganized configuration. This thus confers plasticity to the ES to support spermatid adhesion and also spermatid transport during spermiogenesis or spermatid release at spermiation.
